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(2) 基于相图计算的 CALPHAD 方法对Cu-Th、Mo-Th、Cu-Er 和 Mo-Er
二元系，以及Cu-Mo-X (X: Ni, Si, Th, Er) 四个三元系的相平衡进行了热力学优化
与计算: 
(a) 系统的收集、整理、分析了Cu-Th、Mo-Th、Cu-Er 和 Mo-Er 四个二元
系的热力学性质及相平衡的实验数据，首次对 Cu-Th、Mo-Th、Cu-Er 和 Mo-Er 
四个二元系的相平衡进行了热力学优化与计算，计算的 Cu-Th、Mo-Th、Cu-Er 和 
Mo-Er 四个二元系的相图和热力学性质与实验数据吻合很好。 
(b) 根据本研究的实验结果以及Cu-Mo-Ni 和 Cu-Mo-Si各三元系已有的实
验相图，优化计算了Cu-Mo-Ni 和 Cu-Mo-Si三元系的相平衡，计算结果与实验
结果取得了良好的一致性。 
(c) 利用本论文已经优化得到的 Cu-Th、Mo-Th、Cu-Er 和 Mo-Er二元系的
热力学参数，结合文献中优化的 Cu-Mo 二元系的热力学参数，外推计算了 
Cu-Mo-Th 和 Cu-Mo-Er 两个三元系的相平衡。 
本研究优化获得的热力学参数，将作为高性能 Cu 基合金热力学数据库的部
分内容，同时为外推计算 Cu-Mo 基多元系的相平衡提供了理论基础，并为 Cu-Mo
基合金的设计及制备提供重要的理论指导。 
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Abstract 
The Cu-Mo base alloys have widely been used as automotive and electronic 
materials due to their high thermal and electrical conductivities, low coefficients of 
thermal expansion, special high-temperature performance, non-magnetic, low gas 
content, good vacuum and machining properties. 
In order to improve the alloy properties, optimize alloy compositions and 
processing, it’s necessary to investigate the phase diagrams and thermodynamic 
properties of the involved systems. 
In this paper, experimental investigation and thermodynamic calculation were 
carried out on the phase equilibria of Cu-Mo-X (X: Ni, Si, Th, Er) system as 
followings:  
(1) The phase equilibria of the Cu-Mo-Ni ternary system at 1100℃, 1200℃ and 
1300℃ and Cu-Mo-Si ternary system at 1100℃ and 1200℃ have been 
experimentally determined by using the optical microscope and EDS techniques.  
(2) The Cu-Th, Mo-Th, Cu-Er and Mo-Er four binary systems and Cu-Mo-X (X: Ni, 
Si, Th, Er) four ternary systems have been optimized using the CALPHAD method as 
following:  
(a) The Cu-Th, Mo-Th, Cu-Er and Mo-Er four binary systems were optimized by 
using the available experimental information. The calculated phase diagrams and 
thermodynamic properties agree well with the experimental data.  
(b) On the basis of experimental phase equilibria data of the ternary systems 
obtained by this work and lectures, the Cu-Mo-Ni and Cu-Mo-Si ternary systems were 
assessed and optimized. A set of self-consistent, reasonable and reliable 
thermodynamic parameters were obtained, which describes the Gibbs free energies of 
the solution phases and the intermediate phases. The calculated results of Cu-Mo-Ni 
and Cu-Mo-Si ternary systems are in good agreements with the experimental data. 
(c) On the basis of the the optimized parameters about Cu-Mo Cu-Th, Mo-Th, 
Cu-Er and Mo-Er binary systems in this work and literature, a set of Phase diagrams 
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The optimized thermodynamic parameters in this work can be applied to build the 
thermodynamic database of high properties Cu-based alloys. In addition, the 
calculation results in this work can provide important theoretical guidance on design 
the Cu-Mo base alloy.  
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第一章 绪论 
 
钼 (Mo) 具有高熔点、高密度、低热膨胀系数和高强度等特点，铜 (Cu)









图 1-1 是 Cu-Mo 二元合金的实验相图 [1]。由图 1-1 可见，Mo 的熔点为 2615
℃，而 Cu 的熔点仅为 1083℃，铜钼合金在 2515℃时，才能完全熔化，并且铜
和钼的液相会产生两相分离 (即偏晶型反应)，而在低温时 fcc (Cu) 与 bcc (Mo) 
互不固溶。所以，通常制得的铜钼材料是由两种互不相溶的金属所组成的假合









   一种材料的特性是决定该材料在什么领域可能得到应用的重要依据，因此，
在讨论铜钼材料的开发与应用时，必须认识和了解铜钼材料的特性。 
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点 1083.4±0.2℃，沸点 2567℃。常见化合价+1 和+2 (3 价铜仅在少数不稳定的








   金属钼 (Mo)，银白色金属, 硬而坚韧。元素原子量为 95.94，密度 10.2g/cm3，
熔点 2615℃，沸点 5560℃。Mo 具有三种化合价：+2、+4 和+6，稳定价为+6。
第一电离能 7.099 电子伏特。Mo 是 1782 年由埃尔姆用亚麻子油调过的木炭和钼
酸混合物密闭灼烧所发现的。它是通过将辉钼矿 (MoS2) 煅烧成三氧化钼，再用
氢或铝热法还原而制得。钼在地球上的蕴藏量较少，其含量仅占地壳重量的
0.001%，钼矿总储量约为 1500 万吨，主要分布在美国、中国、 智利、俄罗斯、
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